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The connecting tubule: A functional subdivision of the rabbit
distal nephron segments
MASASHI IMAI
Department of Pharmacology, Jichi Medical School, Tochigi, Japan
The connecting tubule: A functional subdivision of the rabbit
distal nephron segments. Studies on adenylate cyclase response
of the nephron fragments to hormones and drugs have suggested
that there is a functionally distinct segment tentatively called the
connecting tubule (CNT), which is located between the distal
(DT) and the cortical collecting tubule (CCT). The functional sig-
nificance of these biochemical findings was examined with isolat-
ed rabbit renal tubules perfused in vitro. The transepithelial volt-
age (PDt) of the DT, CNT, and CCT were, respectively, —28.7
3.24 mV (24), —27.0 2.69 mV(24), and —3.5 2.14 mV(ll)in
the normal rabbits. The PDt of the CCT increased to —32.2
2.02 mV (33) when rabbits were pretreated for at least 3 days
with deoxycorticosterone acetate, DOCA (1 mg/kg/day, i,m.),
whereas the PDt of the DT and the CNT remained unchanged.
The PDI of the CCT obtained from deoxycorticosterone acete-
(DUCA) treated animals decreased after addition of antidiuretic
hormone (ADH) or isoproterenol (ISO) to the bath. The PDt of
the CNT also responded to these agents, but the dose required to
obtain the same response was quite different: The CNT was 100-
fold more sensitive to ISO as compared to the CCT, whereas the
CCT was 10-fold more sensitive to ADH than was the CNT. In
contrast, the PDt of the DT did not respond to any of these
agents, even at a higher concentration. After addition of ADU
(200 U/ml) to the bath, the osmotic water permeability (10-s
cm2 sec atm—') of the CCT increased from 1.13 0.83 to 7.46
2.36, but that of the CNT remained low (0.36 0.78 in control
vs. 0.48 + 0.64 after ADH). These observations support the view
that the CNT is functionally distinct from either the DT or the
CCT.
Le tube connecteur: Une subdivision fonctionnelle des segments
du néphron distal du lapin. Les etudes sur Ia reponse de
I'adenylate cyclase aux hormones et aux drogues ont suggéré
qu'il existe un segment que distinguent ses caractères fonction-
nels, pour lequel le nom de tube connecteur (CNT) a été pro-
posé, qui est localisé entre le tube distal (DT) et le canal collec-
teur cortical (CCT). La signification fonctionnelle de ces con-
statations biochimiques a ëtë étudiée au moyen du tube renal de
lapin isolé et perfuse in vitro. Les differences de potentiel trans-
tubulaire (PDt) de DT, CNT, et CCT sont respectivement de
—28,7 3,24 mV (24), —27,0 2,69 mV (24), et —3,5 2,14
mV (11) pour des lapins normaux. La POt du CCT augmente a
—32,2 2,02 mY (33) quand les lapins sont prétraités par
l'acétate de désoxycorticostérone (DOCA) (1 mg/kg/jour, i.m.)
pendant 3 jours au moms, alors que les PDt de DT et CNT res-
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tent inchangées. La PDt du CCT d'anirnaux traités par Ia DOCA
diminue après l'addition d'hormone antidiurCtique (ADH) ou
d'isoprotCrénol (ISO) au bain. La PDt de CNT repond aussi a
ces agents mais Ia dose nécessaire est différente: CNT est 100
fois plus sensible a l'ISO que CCT alors que CCT est 10 fois plus
sensible a l'ADH que CNT. Au contraire, Ia PDt de DT ne ré-
pond aucun de ces agents, méme a des concentrations plus
Clevées. Après l'addition d'ADH (200 gU/mi) au bain Ia per-
mëabilité osmotique a I'eau (10-8 cm2 sec atm—') de CCT
augmente de 1,13 0,83 a 7,46 2,36 mais celle de CNT reste
faible (0,36 0,78 valeurs contrôles; 0,84 0,64 après ADH).
Ces observations sont en faveur de l'hypothèse selon laquelle
CNT est fonctionnellement different ala fois de DT et de CCT.
From micropuncture techniques, the renal distal
tubule has been defined simply as the portion of the
nephron included between the macula densa and
the first branching. Recently, several studies with
different techniques have suggested that the seg-
ment thus defined may consist of functionally heter-
ogenous nephron segments [1, 2]. A morphologic
study by Woodhall and Tisher Iii] suggested that
there was functional heterogeneity with respect to
the response to antidiuretic hormone (ADH) in the
distal nephron segments potentially available for
micropuncture. A study of in vitro perfused frag-
ments of rabbit renal tubules [31 disclosed that the
early distal tubule is functionally different from the
cortical collecting tubule in its responses to ADH
and mineralocorticoids.
More recently, Morel, Charbardés, and Imbert,
who measured adenylate cyclase activity of single
tubule fragments obtained from collagenase-treated
rabbit kidneys, suggested that the distal tubule as it
is simply defined in micropuncture studies consists
of four functionally different segments: (1) The first
portion, located right after the macula densa, is an
extension of the cortical thick ascending limb of
Henle's loop. (2) The second segment, designated
as bright portion, does not respond to either ADH
or parathyroid hormone (PTH). (3) The third seg-
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ment, designated as granular portion, responds
strongly to isoproterenol (ISO) and PTH and weak-
ly to ADH. (4) The last segment, designated as light
portion, responds strongly to ADH and weakly to
ISO. On the basis of this and other studies by the
same group of investigators [2, 4—7], it is reasonable
to subdivide the nephron segments located distally
to the end of the thick ascending limb of Henle's
loop (not the macula densa) into three functionally
different segments; the distal tubule (DT), the con-
necting tubule (CNT), and the cortical collecting tu-
bule (CCT).
Although differences of these segments in the pat-
terns of adenylate cyclase responses to ADH, PTH,
and ISO [2] strongly suggest the existence of func-
tional heterogeneity among these segments, physio-
logic evidence in support of this notion has not been
established. Since functional differences between
the DT and the CCT have been reported previously
[3], the present study was designed to extend the
previous one by exploring functions of the second
segment, the CNT, and comparing these functions
with those of the DT and the CCT with the tech-
nique of the in vitro perfusion of the isolated rabbit
renal tubules.
Methods
Either deoxycorticosterone acetate- (DOCA)
treated (1 mg/kg/day, i.m.) or nontreated female
Japanese white rabbits, each weighing 1.5 to 2.0 kg,
were used. The animals were fed a regular laborato-
ry chow and had free access to tap water. The frag-
ments of the renal tubules were isolated and per-
fused by the technique developed by Burg et al [8]
with slight modifications. The details of the method
were the same as previously described [9, 10].
In preliminary studies to learn how to identify the
distal nephron segments, we tried isolating the tu-
bules from the kidney slices by macerating them
with hydrochloric acid: The fresh kidney slices
were immersed in 20% hydrochloric acid for 1 hour.
Then they were washed with tap water and refriger-
ated overnight. The slices were placed in a dish con-
taining tap water, and the tubules were dissected
with fine glass needles under a stereomicroscope.
For clarification, a comparison of the principles
of terminology as defined by the conventional mi-
cropuncture study, by the adenylate cyclase studies
of Morel et al, and by the present in vitro perfusion
study are compared in Fig. 1. The micropuncture
studies define the distal convoluted tubule as a seg-
ment existing between the macula densa and the
first branching. Although Morel et al [2] essentially
obeyed this definition, they subdivided each seg-
ment into three portions according to stereoscopic
appearance, that is, bright, granular, and light por-
tion. On the other hand, in the present study the
definition by micropuncture was discarded. The
bright portion of the distal convoluted tubule
(DCTb; panel B) defined by Morel et al corresponds
to the distal tubule (DT; panel C); the granular por-
tions of the distal convoluted tubule (DCTg; panel
B) and the cortical collecting tubule (CCTg; panel B)
correspond to the connecting tubule (CNT; panel
C), and the light portion of the cortical collecting
tubule (CCT1; panel B) and the distal tubule (DT1;
A B C
Fig. 1. Comparison among nomenclatures of the distal nephron segments as defined by A micropuncture, B Morel ci a!. and C the
present study. Subscripts b, g, and I represent bright, granular, and light appearance, respectively.
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panel B) correspond to the cortical collecting tu-
bule (CCT; panel C).
Our criteria for identifying each segment were as
follows: The distal tubule (DT) was identified by (a)
its direct attachment to a glomerulus or its transi-
tion from the thick ascending limb of Henle, and (b)
its bright appearance. The connecting tubule (CNT)
was identified by (a) the existence of at least two
branches dissected from deep kidney cortex and (b)
its granular appearance. Since in the superficial
nephron, the CNT never branches, the transition to
the cortical collecting tubule (CCT) was used as a
criterion instead of the branching. The CCT was
identified by (a) its straight tubular appearance in
the medullary ray and (b) its light appearance. The
validity of these criteria was confirmed in each in-
stance by observing the morphologic appearance of
epithelia under an inverted microscope during the
perfusion of the tubules.
In the initial period of this study, the CNT was
dissected always from the deep cortex for easy and
definite identification. Therefore, such a segment
corresponded to the CCTg defined by Morel et al
121. But later on, the CNT from the superficial neph-
ron was used also. Since there was no difference
between the superficial and the deep CNT, the data
from both segments were combined.
Our perfusion studies were performed always by
isolating the tubules from the fresh kidney slices
without enzymatic or chemical treatment. The cor-
tical slices consisted of two portions, the so-called
medullary ray and the cluster of convoluted tu-
bules. The CCT was obtained from the former,
whereas both the CNT and the DT were obtained
from the latter.
The composition of the perfusate regularly used
was as follows: sodium chloride, 110 mmoles/liter;
sodium bicarbonate, 25 mmoles/liter; potassium
chloride, S mmoles/liter; sodium acetate, 10
mmoles/liter; monobasic sodium phosphate, 2
mmoles/liter; magnesium chloride, 1 mmole/liter;
calcium chloride, 1.8 mmoles/liter; D-glucose, 8.3
mmoles/liter; and L-alanine, 5 mmoles/liter. The
composition of the bathing fluid was identical to
that of the perfusate except that the former con-
tained 5% (volume/volume) rabbit serum. In the ex-
periments in which osmotic water permeability was
examined, the amount of sodium chloride was re-
duced to 20 mmoles/liter.
The electrical circuit to measure the trans-
epithelial voltage (PDt) was identical to that pre-
viously reported [9, 101. The electrical resistance of
the circuit ranged from 8 to 12 megaohms.
Tritiated polyethyleneglycol (New England Nu-
clear) was used as a volume marker. The validity
for the use of this marker was examined by deter-
mining all radioactivity appearing in the bath during
the 1-hour perfusion of the tubules. No appreciable
radioactivity was found in the bath when any kind
of tubule as defined in this study was perfused. The
radioactivity in the bath was less than 1% of that in
the perfused tubules.
Net water flux (J) was calculated from the con-
centration of the volume marker of the perfusate
(C1) and the collected fluid (C0) as follows:
= V() (C1/C — l)/L (1)
where V0 is the collection rate in nanoliters per min-
ute and L is the length of the tubule in millimeters.
Osmotic water permeability (L0) was calculated
by the following equation:
L0 =
—[(V1 — V0) + iiYLln C0(lrb —TbL b Cllrb — Cr1 (2)
where V1 is perfusion rate in nllmin (calculated as V,
= V0C0/C1), T1 and lTb are osmolality in atmosphere
of the perfusate and the bathing fluid, respectively.
The process of derivation of this equation is essen-
tially the same as those independently reported by
Du Bois, Verniory, and Abramow [11] and Al-Zahid
et al [121.
Radioactivity of tritiated polyethylene glycol was
measured with a liquid scintillation counter (Pack-
ard, model 3330) in a scintillant containing 4 g of
Omnifluor/liter of the 2 : I mixture of toluene and
Triton x 100.
Data were expressed as means SEM. The statis-
tical analysis was performed by either paired or
nonpaired Student's t test when appropriate.
Results
Anatomical aspects. The distribution of the distal
nephron segments was examined by dissecting kid-
ney slices either untreated or macerated with hy-
drochloric acid. A representative feature of superfi-
cial and juxtamedullary distal nephron segments is
illustrated schematically in Fig. 2. The patterns of
the nephron distribution in the outer and the inner
cortex were quite different. The CNT of the superfi-
cial nephron scarcely branched before its junction
with the CCT. From the patterns of the transition
from the CNT to the CCT, the superficial CNT was
classified into two types: In type I, the CNT at-
tached to the CCT end to end, whereas in type 2, it
attached end to side. By contrast, the CNT of the
deep nephron had two to four (usually three)
Fig. 2. Schematic illustration of the distribution of the distal
nephron segments from superficial and deep cortex of the rabbit
kidney.
branches, forming a nephron arcade. To each
branch was attached a single DT. The distal end of
the deep CNT usually attached to the CCT end to
side. But in rare occasions, two nephron arcades
were fused together, and such a fused segment at-
tached to the CCT end to end. It should be empha-
sized that the DT neither branched nor made direct
attachment to the CCT without interposing the
CNT.
On the basis of the above observations, it was
possible to differentiate the CNT from the DT. It
was not always easy to distinguish these two seg-
ments, however, since the transition from one to
another was sometimes gradual. Granular appear-
ance of the CNT was observed in the nontreated
kidney and helped to differentiate it from the DT
(Fig. 3, A and B). But this feature was not always
observed in all kidneys. The kidneys not showing
granular appearance of the CNT were not used for
physiologic studies of the CNT and the DT, because
they do not fit the criteria indicated in the method.
Fig. 3. Light micrographs of the distal nephron segment dis-
sected from rabbit kidney slices. A shows a piece of the distal
tubule (DT) including portions of transition (arrows) from the
cortical thick ascending limb of Henle (CAL) to the DT and from
the DT to the connecting tubule (CNT). B shows a fragment of
the CNT with three branches obtained from midcortex. C shows
a portion the cortical collecting tubule (CCT). The horizontal bar
represents a length of about 80 m.
The CCT could be distinguished from the CNT by
its special distribution in the renal cortex: The
former was distributed in the medullary rays, run-
ning in parallel with the cortical thick ascending
limb of Henle's loop and the proximal straight tu-
bules, whereas the latter could be found in the clus-
ters of the proximal convoluted tubules. The ap-
pearance of the CCT cells also were distinct from
that of the CNT (Fig. 3, B and C): the former ap-
peared to be light, whereas the latter was granular.
Figure 4 shows the typical appearance of the
three segments when the tubules are perfused. The
cells of the CNT appeared darker or granular and
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Table 1. Diameter and cell height (gm) of the perfused or
nonperfused distal nephron segmentsa
Segment
Nonperfused
0.D. N O.D.
Perfused
ID. Cellheight N
DT 27.5 0.9 (4) 30.3 0.8 14.9 1.1 7.40 0.65 (7)
CNT 37.5 0.8 (6) 38.3 1.5 19.7 1.8 9.43 0.43 (7)
CCT 32.0 1.4 (4) 36.2 1.8 18.0 1.6 9.10 0.40 (5)
a Values are the means SEM. N denotes the number of ex-
periments.
"Abbreviations are defined: DT, distal tubule; CNT, con-
necting tubule; CCT, cortical collecting tubule; 0.D., outer di-
ameter; ID., inner diameter.
Fig. 4. Light micrographs of the distal nephron segments per-
fused in vitro. The horizontal bar represents a length of about 20
m, A, B, and C are the DT, the CNT, and the CCT, respective-
ly.
taller than those of the DT when the tubules were
not perfused (Fig. 3). When the tubules were being
perfused, the appearance of the individual cells of
the CNT were hardly distinguishable from those of
the DT (Fig. 4). By contrast, the appearance of the
CCT cells were quite different from those of the oth-
er segments in that the cytoplasm appeared light
and cell boundaries were clearly visible.
Outer and inner diameters of the DT, CNT, and
CCT were measured by taking photographs under a
microscope at the magnification of x200 before and
during the period of perfusion, with a constant per-
fusion pressure of 5 cm H20. The results are sum-
marized in Table I. The outer diameter of the CNT
was the largest whether the tubular lumen was open
or closed. The CNT cells seemed to be the tallest.
Although the cell height of the CCT tended to be
shorter than that of the CNT, the former was not
significantly different from the latter.
Control of transepithelial potential difference
(PDt). The PDt of the CNT was always negative in
the lumen. As shown in Fig. 5, the lumen negative
PDt was generated rapidly after initiating the per-
fusion, and it stabilized after 30 to 40 mm. This time
course of the PDt was similar to that of the DT. The
means of the stabilized PDt of the DT, the CNT,
and the CCT were —28.7 3.24 mV (24), —27.0
2.69 mV(24), and —3.5 2.14 mV(11), respective-
ly (Fig. 6).
Effect of hydrostatic pressure and perfusion rate
on PDt. Since it has been reported that the potential
differences of the DT and the CCT were pressure
dependent 13, 131, we examined the effect of hydro-
static pressure and perfusion rate on the potential
difference of the CNT. When the height of the fluid
—30
—25
—20
0
0
Time, rn/n
Fig. 5. Time course of the PDt in the CNT.
40 50 60
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Perfusion pressure, cm H20
Fig. 7. Effect of perfusion pressure on the PDI of the CNT. The
perfusion pressure is represented by the height of the reservoir
connected to the perfusion pipette.
4 6 8 11
Time, rn/n
Fig. 8. A representative study showing that both luminal flow
rate and transtubular hydrostatic pressure are responsible for
the perfusion-pressure-dependent PDt of the CNT. When the
perfusion pressure was increased from 2 to 6 cm H20, the PDt
sharply decreased. Under this circumstance, however, obstruc-
tion of tubular outflow, which may increase luminal pressure but
decrease flow rate, caused a gradual increase in PDt. A further
increase in perfusion pressure suppressed the PDt again, but the
stabilized PDt level was still higher than that observed in the
absence of obstruction at lower perfusion pressure.
Control —25
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—40
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Fig. 6. Transtubular PDt of the distal nephron segments ob-
tained from the control or the DOCA-treated animals. Numbers
of experiments are shown in parentheses. DOCA (1 mg/kg/day,
i.m.) was administered at least for 3 days.
reservoir connected to the perfusion pipette was
varied from 2 to 40 cm H20, a marked change in
PDt of the CNT was observed (Fig. 7). Since per-
fusion rate varied in direct proportion to perfusion
pressure, this response of the PDt could be influ-
enced by either the changes in flow rate or in hydro-
static pressure. To distinguish between the effects
of these two variables, we examined the response of
the PDt in four CNTs during complete obstruction
of the tubular outflow. A representative study is de-
picted in Fig. 8. The PDt increased after obstruction
of the outflow even when the PDt had been reduced
by raising the perfusion pressure. At a comparable
perfusion pressure, however, the PDt during out-
flow obstruction was higher than it was during the
free-flow condition. These observations suggest
that the PDt of the CNT is dependent on both hy-
drostatic pressure and luminal flow rate. Sub-
sequent studies were, therefore, performed at a
fixed height of reservoir of about 2 cm H20.
Effect of DOCA treatment on PDt. The PDt of the
DT, CNT, and CCT was observed after pre-
treatment of the rabbit with DOCA (1 mg/kg/day,
i.m.). The effect of duration of DOCA treatment on
PDt of the CCT was examined (Fig. 9). A continu-
ous rise in lumen negativity was observed during
the first 3 days; after then no further significant in-
creases were noted. Therefore, we used the data
obtained after DOCA had been administered for at
Obstruction of outflow
-20
B
00
—10
0 0 2
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Table 2. Effect of ADH added to the bath on transepithelial potential difference (PDt) of the distal nephron segmentsa
Segment
ADH
U/mi
PDt,mV
PDt %c
Control
period
Experimental
period
Recovery
period
DT
CNT
CCT
2x l0-
2x l0
2x 10—6
2>< l0—
2x 10
2x 10
2x 10_6
2x l0
2x 10
2x 10
—28.3 9.2(4)
—21.0 5.8 (3)
—38.8 3.9 (4)
—29.3 7,2 (7)
—29.7 4.9(9)
—22.2 6.4(6)
—32.2 7.0(8)
—24.9 3.8 (8)
—30.1 5.5 (9)
—28.8 4.2(9)
—27.6 9.6(4)
—20.3 5.1 (3)
—38.5 3.8(4)
—27.3 6.9(7)
—22.3 4.8 (9)
—16.5 4.7(6)
—28.4 7.6 (8)
—16.6 3.4 (8)
—18.7 4.7 (9)
—18.5 3.7(9)
—19.5 7.9(4)
—20.3 5.1 (3)
—38.5 3.8 (4)
—24.4 7.2 (6)
—27.6 5.3 (9)
—18.0 5.9(5)
—29.2 10.0(6)
—23.8 4.7 (6)
—24.5 5.4 (8)
—24.6 5.2(7)
—3.7 3.1
1.3 0.7
0.3 0.7
1.0 03d
8.1 1.7
3.7 1.01
3.0 1.6
7.4 O.'7
8.8 I .7
7.6 1. If
—9.0 7.9
5.0 3.3
0.5 0.5
7.0 3.8
31.0 6.0
18.0 2.3
14.0 5.9
29.0 3.9
31.0 5.7
29.0 4.6
a Values are the means SEM. N denotes number of experiments. Abbreviations are defined in Table 1.
The change () = [C] — ([E] + [R])/2.
C = 100 x J[C].
P <0.05.
CP <0.01.
p <0.001.
E
00
(7)
(11)
(10)
./1 1
50
40
30
(6),
20
.1'(4) ,./ _l,/
10 (11) / IT'
.I
0
/
AIDH, 200 pU/mi
I,
ADH administration. Three of these tubules were
obtained from DOCA-treated rabbits. Since the PDt
responses were similar whether or not rabbits were
pretreated with DOCA, all the data were combined.
Table 2 summarizes the effect of ADH in the bath
on the PDt of the three different segments. To ob-
tain lumen-negative control PDt, we used DOCA-
treated animals for the experiments with the CCT.
The percentage of suppression of PDt was chosen
as an index of the response to ADH. It is clear that
the PDt of the DT did not respond to ADH even at a
high dose. The response of the CNT's PDt was
clearly less than that of the CCT.
The effect of ADH on the osmotic water per-
meability was compared between the CNT and
10
0
-100
<1
—20
-30 0 10 20 30 40 50 60
Time, rn/fl
Fig. 10. Time course of the PDt of the CNT showing that the
lumen-negative PDt was suppressed reversibly with 200 /2U/ml
ADH in the bath. The negative PDt means decrease in absolute
value of the PDt. The broken lines denote recovery period when
the drug was eliminated from the bath.
0 1 2 3 4 5 6 7
Duration of DOCA treatment, days
Fig. 9.Effectof duration of DOCA treatment (1 mg/kg/day, i.m.)
on the PDt of the CCT.
least 3 days (Fig. 6). The data were compared with
those of the CCT treated similarly. The data ob-
tained from 69 rabbits are summarized. In marked
contrast to a significant increase in the lumen-nega-
tive PDt of the CCT (—32.3 2.02 mV,N =33,P <
0.001), the PDt of either the DT or CNT remained
unchanged, being —29.7 3.95 mV (7) and —25.6
4,50 mY (8), respectively.
Response to ADH. Figure 10 shows the changes
in PDt of the CNT in esponse to ADH (200 U/ml)
added to the bath. The PDt was suppressed during
administration of ADH and tended to recover after
ADH was eliminated from the bath. In some cases,
an initial transient rise in PDt was observed after
Control PD1
—22.6 1
I I
CCT (Table 3). Because of the difficulty in obtaining
the long CNT without branches, the perfused length
of the CNT ranged from 0.30 to 0.45 mm. The net
water flux was not different from zero whether or
not ADH was added to the bath. For comparison
under comparable experimental conditions, we in-
tentionally shortened the length of the CCT to a
range from 0.34 to 0.50 mm in four out of six experi-
ments. A significant increase in water permeability
was demonstrated after addition of ADH to the
bathing medium.
Response to ISO. Figure 11 illustrates the time
course of the CNT's PDt after 2 x l0- M ISO was
added to the bath. In all cases, the PDt was sup-
pressed gradually. The dose-response relationship
with ISO was compared also among the three seg-
ments (Table 4). The percentage of decrease in PDt
at 15 mm was taken as an index of the response.
The results clearly showed that the DI was in-
sensitive but both the CNT and the CCT were sensi-
tive to the drug. The response of the CNT was more
Table3. Effect of ADH on osmotic water permeability of the CNT and the CCT"
Segment N
Length
mm
ADH
in bath
p.U/ml
V
ni/mm
J,
nlmm'min1
zJ
after
ADH
L
IO8cm2'secatm1
CNT 6 0.39 0
200
10.65
9.39
0.10
0.12 0.03
0.36
0.48 0.11
CCT 6 0.62 0
200
10.04
9.87
0.32
1.85e 1.53
1.13
7.46c 6.34'
a Values are the means SEM. The osmolality of the perfusate and the bathing fluid were 121 and 292 mOsm/kg H20, respectively.
Abbreviations are defined: V1, perfusion rate; J,, net water flux; L, osomotic water permeability. See Table 1.
This was significantly different (P <0.05) as analyzed by paired t test.
Table 4. Effect of isoproterenol (ISO) added to the bath on PDt of the distal nephron segmentsa
ISO
moles/liter N
PDt,mV
PDt %Controlperiod
Experimental
period
Recovery
period
DT
CNT
CCT
2x l0-
2x105
2x10-6
2x l0-
2x10—8
2xlO-4
2x 10"
2xlO—"
(5)
(7)
(9)
(7)
(4)
(6)
(6)
(6)
—24.8 5.8
—35.6 4.9
—27.0 6.0
—27.3 6.2
—22.4 6.6
—29.0 5.1
—32.5 3.9
—35.7 2.9
—23.9 6.2
—18.1 6.3
—18.5 5.7
—22.8 5.9
—20.8 6.4
—20.7 3.8
—29.7 4.1
—33,2 1.6
—22.4 5.9
—24.6 6.1
—20.1 6.0
—29.0 7.9
—22.1 6.5
—24.9 4.7
—34.8 3.1
—31.5 2.9
—0.3 0.5
12.0 2.4e
5.0 0,6d
54 2.0
1.4 0.5
7.5 1.9"
2.3 1.3
0.4 1.2
3.0 2.4
37.0 7.7
23.0 3.4
19.0 5.2
8.0 3.2
23.0 45
9.0 5.8
1.0 3.3
a Abbreviations are same as they are in Table 1.p < 0.05.
P < 0.01.d <0.001.
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ISO, 2 X 10-"
E
00
0
—10
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Time, rn/n
0 10 20 30 40 50
Fig. 11. Time course of the PDt of the CNT showing that the
lumen-negative PDt was suppressed reversibly with 2 X 10"M
isoproterenol in the bath. The meanings of the negative PDt
and the broken line are the same as they are in Fig. 10.
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prominent than that of the CCT. The data of two
DTs and three CNTs obtained from DOCA-treated
rabbits were included in this analysis, but they were
not different from those of the respective segments
obtained from non-DOCA-treated animals.
Discussion
Morphologic [14, 15] and embryologic [16] stud-
ies have already suggested the existence of a dis-
tinct segment between the DT and the CCT, which
was called the connecting piece (VerbindungsstUck)
[13]. Recent electron microscopic studies of rabbit
distal nephron segments by Kriz et al [17, 18] clear-
ly demonstrate morphologic distinctions among the
DT, the CNT, and the CCT. But most renal physiol-
ogists have ignored the existence of such a segment.
Biochemical studies of isolated renal tubules per-
formed by Morel et al [2, 4—7] support the view that
a functionally distinct segment exists between the
DT and the CCT. The purpose of this study was to
provide physiologic evidence in support of the exis-
tence of such a functionally unique segment.
Although the terminology used in this study was
somewhat different from that used by Morel et al
[2], the segments used in this study are comparable
to those studied by them if CCTg and DCTg as de-
fined by them are combined under the terminology
of the CNT. The biochemical identity of CCTg to
DCTg with respect to adenylate cyclase responses
has been verified by their own observation 12]. The
one exceptional segment that can not fit into the
present terminology is the DCT1. But this segment
seems to be identical to the CCT1 with respect to its
adenylate cyclase responses. Moreover, the DCT1
defined by them could not be morphologically dif-
ferentiated from the CCT. It is a policy of this study
that the definition of the distal convoluted tubule
made by micropuncture method should be dis-
carded since it obviously includes heterogenous
segments.
The PDt of the CNT was oriented negatively in
the lumen. The time course and magnitude of the
PDt was unchanged when the rabbits were pre-
treated with DOCA. Although the effect of adrenal-
ectomy was not examined, the PDt of the CNT may
be DOCA independent. In this respect, the CNT is
very similar to the DT but distinct from the CCT,
which was shown to be DOCA dependent in this
and other papers [3, 19]. The appearance of the
CNT cells were sometimes indistinguishable from
that of the DT when the tubules were being per-
fused, though the granular appearance was one of
the remarkable characteristics of the CNT when the
tubules were not perfused.
Clear distinctions, however, exist between the
CNT and the DT in respect to PDt responses to ei-
ther ADH or ISO. The PDt of the DT was, in good
agreement with the previous data [3], unaltered
when ADH was added to the bath. By contrast, the
PDt of the CNT decreased when ADH was added to
the bath at a concentration of 2 x 10 U/mi or
greater. Since the PDt of the CCT has been shown
to be responsive to ADH [31, we compared the PDt
responses to ADH in the CNT and the CCT by ex-
amining dose-response relationships. The results
clearly indicate that the PDt response of the CNT to
ADH is less than that of the CCT.
From these observations, one may assume that
the function of the CNT is intermediate between the
DT and the CCT—a not unlikely assumption in the
light of morphologic observations [20-22]. Crayen
and Thoenes [20] described four types of cells in the
distal nephron. These four cell types were distrib-
uted throughout the distal nephron segments, but
the proportion of the cell types were quite different
among the early DT, the late DT, and the CCT. Re-
cently, Kriz et al [17, 181 reported that the CNT of
rabbit kidney consists of two cell types, the con-
necting tubule and the intercalated cell. The latter
type of cell was observed also in the collecting tu-
bule. Therefore, if each cell type represents a dif-
ferent function, the possibility can not be ruled out
that the CNT showed mixed characteristics because
of the mixture of different cell types.
It is more probable, however, that the CNT may
have a unique function as compared to the other
segments. In support of this view, the CNT's PDt
responded most prominently to the stimulation with
ISO. This observation agrees with biochemical data
of adenylate cyclase response [2, 6]. The dose of
ISO to induce a significant reduction in PDt of the
CNT, however, was more than that required to
stimulate adenylate cyclase [6]. Therefore, it is un-
certain at present whether the PDt changes induced
by ISO are mediated by cyclic AMP. Although
unique characteristics of the CNT's PDt in response
to hormones and drugs were demonstrated in this
study, their physiologic significance remains to be
established.
Despite a significant reduction in PDt, addition of
ADH (200 /LU/ml) to the bath did not produce any
significant changes in water permeability of the
CNT. Because of the shortness of the perfused
length, however, it is difficult to conclude with cer-
tainty that this segment is absolutely impermeable
to water and completely refractory to the action of
ADH. Nevertheless, it would be reasonable to as-
sume that the CNT is less important than the CCT is
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Table 5. Summary of differences among the rabbit distal nephron segments
Segment: DT CNT CCT
Appearance [21 Bright Granular Light
Cell height Short Tall Intermediate
AC response to" [2, 4-7] Calcitonin PTH, ISO ADH, (ISO)
PDt response to" ISO, (ADH) DOCA, ADH, (ISO)
Increase in water permeability with ADH — — +
Origin [16] Metanephric blastema Metanephric blastema Ureteral bud
a Brackets denote references cited. AC is adenylate cyclase, and ISO is isoproterenol; other abbreviations are defined in Table 1.
Parentheses mean the responses were small.
in the transtubular osmotic equilibration that is re-
sponsive physiologically to ADH. On the basis of
this assumption, still valid is the statement in the
previous paper [3] that osmotic equilibration occurs
only in the collecting tubule. Dissociation of the
PDt response from the water permeability response
in the CNT may suggest that changes in PDt with
ADH represent a functional change other than wa-
ter permeability. This possibility, however, was not
tested in this study.
It has been reported that hydrostatic pressure in-
fluences the PDt in the DT [3] as well as in the CCT
[13]. The data of the present study indicate that the
CNT also shows a similar characteristic. Colindres
et al [23] recently reported that variations in intra-
tubular hydrostatic pressure caused by different
sampling techniques were associated with reduc-
tions in osmolality of the tubular fluid obtained from
the distal nephron of the rat. Pressure dependence
of the PDt might be responsible for this phenome-
non, but a definite conclusion can not be made at
present.
A micropuncture study by Wright [24] has shown
that the PDt increased toward the end of the distal
tubule. From this observation, one may expect that
the PDt of the CNT would be higher than that of the
DT. In the present study, however, the magnitude
of the PDt in the CNT was not different from that in
the DT. DeBermudez and Windhager [251 more re-
cently found that the electrical resistance decreased
along the distal convoluted tubule and that this de-
crease in resistance was related inversely with the
magnitude of the PDt. They further showed that the
transtubular osmotic gradient influenced the electri-
cal resistance. Therefore, it is possible that the PDt
of the distal tubule (including the CNT) may vary as
a function of the composition of the tubular fluid in
spite of a constant intrinsic activity generating the
PDt. The present observation that the PDt of the
CNT increased when the tubular outflow was ob-
structed may be, at least in part, explained by
changes in osmolality or electrolyte composition in
the tubular fluid caused by prolonged contact time.
But it is not clear which is responsible.
Although the present data in the rabbit are consis-
tent with adenylate cyclase responses observed by
Morel et al [2, 4-7], one should be careful not to
generalize the present observations to other spe-
cies. In fact, Morel et al recently reported that
sites of adenylate cyclase responsive to certain hor-
mones are different among mammalian species, in-
cluding rabbits, mice, rats, and humans [271.
In conclusion, the distal nephron of the rabbit can
be classified into three functionally distinct seg-
ments: the DT, the CNT, and the CCT. Table 5
summarizes the characteristics of these segments
by modifying the original table of Wright [261. Al-
though the CNT has characteristics in common with
the DT in some respects, this segment is unique in
that the PDt response to ISO is prominent. Further
functional studies are necessary to establish the role
of the CNT in the regulation of final urine composi-
tion.
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